ABSTRACT: Segregation and medicated early weaning are technologies used to optimize the productivity and health of pigs, but these practices may also cause aberrant behaviors indicative of stress. Thus, differences in early-(≈10 d of age) and late-(≈30 d of age) weaned pigs were investigated. At weaning, pigs were housed in groups of four in 16 pens (eight pens per treatment) in the same facility, and, thus, they were not segregated. Body weights were recorded at birth, weaning, and at approximately 42, 65, 102, 137, and 165 d of age (at slaughter). One-minute, instantaneous scan samples during a 10-min period (at 0600, 1000, 1400, and 1800) were used to record the frequency of lying, standing, and sitting, total number of drinks, feeder investigations, and time spent playing/fighting on 2, 3, and 4 d after weaning. Five-minute, direct observations of each pig were conducted at approximately 40, 60, 80, and 150 d of age. Direct observations were
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also made of the entire pen for 10 min at approximately 50, 95, 123, and 160 d of age to record aberrant behaviors. At 62 d of age, a handling and blood collection stress was imposed. At 165 d of age, a second stress test was conducted in response to rough handling and transport. Early-weaned pigs spent more time playing/ fighting (P < .006) than late-weaned pigs during the 4 d after weaning, manipulated conspecifics more often at 40 d of age (P < .002), had greater percentage of hemoglobin (P < .03) during Stress Test 1, had greater ADG at 42 d of age (P < .03), and had greater hypothalamic growth hormone-releasing hormone receptor mRNA at slaughter (P < .06). Late-weaned pigs had greater ADG between 137 and 165 d of age (P < .03) and greater pro-opiomelanocortin at slaughter (P < .04). Overall, most differences found between early-weaned and late-weaned pigs were evident soon after weaning, but they disappeared before slaughter.
Whereas free-ranging sows wean their pigs between 60 and 137 d of age (Newberry and Wood-Gush, 1985; Jensen and Recen, 1989) , early-weaning management practices remove pigs from sows on average between 7 and 14 d of age and isolate them in a clean facility. Segregated-early-weaning may result in growth characteristic advantages, such as improved feed efficiency and growth rate.
However, the reported disadvantages of early weaning management systems include inconsistent growth performance throughout the finishing phase (Wiseman et al., 1995) , decreased postweaning weight gain (Leibbrandt et al., 1975) , and abnormal feed intake that may affect metabolism (Pittaway and Brown, 1974) . In addition, early weaning may increase aberrant behaviors such as belly nosing and flank biting, which can be important indicators of stress (Fraser et al., 1975; Metz and Gonyou, 1990; Boe, 1993; Gonyou and Whittington, 1997) .
Experiments investigating SEW and early weaning have typically weaned pigs into environments that were different from those of the late-weaned or control pigs. Thus, one of the objectives of this experiment was to determine whether pigs weaned early or late into the same environment would express the growth characteristics and behavioral expressions reported by others for early-weaned pigs. In addition, animals exposed to maternal deprivation during the neonatal period have been shown to have an altered response to stress during adolescence (e.g., Liu et al., 1997; Lay et al., 1998) . Thus, our second objective was to determine whether early-weaned pigs expressed an altered behavioral and physiological response to stress (isolation and transport) compared to late-weaned controls.
Materials and Methods

Animals and Procedures
Sixteen litters from Yorkshire × Landrace sows and Hampshire × Duroc boars were blocked in pairs by their expected date of parturition and randomly assigned to either an early or late weaning treatment. Sows were vaccinated 2 to 4 wk prior to their expected farrowing date with Escherichia coli bacterin-toxoid (SmithKline Beecham, West Chester, PA). All sows farrowed in traditional farrowing crates (.6 × 1.7 m) with creep areas on both sides for pigs (.4 × 2.0 m). Early-weaned pigs were weaned from their dams at 8 to 13 d of age, and late-weaned pigs (the control treatment) were weaned at 27 to 34 d of age. Four pigs from each of the 16 litters were chosen based on their sex, birth weight (1.51 ± .03 kg), and body weight at weaning (3.81 ± .14 vs 9.20 ± .30 kg, early-weaned and late-weaned, respectively). All pigs chosen were ranked by the herd manager as strong at birth, except one late-weaned female that ranked medium on a scale of either weak, medium, or strong (based on physical appearance and vigor of the pig). A total of 64 pigs, housed in 16 pens, were used (eight pens per treatment). Pigs from both treatments were weaned in two replications, 1 wk apart, and placed in 1.2-× 1.2-m raised deck nursery pens. These pens had 5-gauge woven-wire floors and contained a .3-× .9-m supplemental heat pad. Littermate pigs were placed in four separate pens so that each pen housed a group of four unrelated individuals. In each treatment, six pens held two males and two females per pen, and the remaining two pens each contained three males and one female. Pigs were arranged in pens according to Figure 1 , wherein EW 1 and LW 1 represent pigs weaned in the first replication (located near the door) and EW 2 and LW 2 represent pigs weaned in the second replication (located near ventilation fans on the outside wall). Instead of filling alternate pens with separate treatments, pens were filled in groups of four to ensure that pigs from the first replication would not be denied neighbors with which they could interact. Pens with no representation signify empty pens. This arrangement Figure 1 . Layout of pens used to house pigs, showing arrangement of early-weaned (EW) and late-weaned (LW) pigs in replications 1 and 2 (designated with subscripts). This arrangement remained the same throughout the experiment as pigs were moved to larger pens. Fans were blocked to prevent chilling of pigs.
remained constant as pigs were moved to larger, grower, and finisher pens throughout the duration of the experiment.
At approximately 65 d of age, all pigs were moved to grower pens (1.6 × 1.6 m), and, at approximately 102 d of age, they were moved to finisher pens (1.6 × 2.4 m). The grower and finisher pens had concrete flooring, and the back half was slatted.
Body Weights
Body weights were recorded at birth, weaning, and at approximately 42, 65, 102, 137, and 165 d of age. Weights at 165 d of age were taken before transport to the abattoir and again immediately before slaughter.
Diets
The early-weaned pigs were fed a commercially available milk pellet diet (Sowenna Litter Bites #1; Merrick's, Middleton, WI) until late-weaned pigs were moved to the nursery. No creep feed was provided to the late-weaned pigs. Thereafter, at approximately 30 d of age, all pigs were fed the same corn/soybean meal diets. Pigs were fed the following diets: superstarter (3,239 kcal/kg ME, 19.7% CP, and 1.4% Lys); starter (3,280 kcal/kg ME, 18.6% CP, and 1.23% Lys); grower #1 (3,325 kcal/kg ME, 16.3% CP, and .89% Lys); and grower #2 (3,328 kcal/kg ME, 14.6% CP, and .78% Lys).
Health Care
At 1 d of age, pigs in both treatments were taildocked, ear-notched, teeth-clipped, subcutaneously injected with 1.5 mL of iron dextran and 1 mL of ampicillin, and intranasally vaccinated against pseudorabies, which was boosted with an intramuscular vaccine at approximately 65 d of age. Boars were castrated at least 48 h before weaning. Antibiotic treatment was administered only as needed. At approximately 42 d of age, late-weaned pigs in five pens received one 5-mL injection of ceftiofur for 2 d (Naxcel, SmithKline Beecham Corp., Philadelphia, PA, for Pharmacia & Upjohn, Kalamazoo, MI) for the treatment of diarrhea.
Videotaped Behavior Observations
Time-lapse photography (1 frame/.4 s) was used to record behaviors throughout the pen for the first 5 d after weaning. One camera was used to record behavior of pigs in two separate pens for the full 5-d duration. The room was illuminated for 10 h during the day, whereas heat lamps supplied lighting for the 14 h of the night. From these videotapes, 10-min observations were conducted at 0600, 1000, 1400, and 1800. During these observations, 1-min, instantaneous scan samples were used to record the frequency of lying, standing, sitting, total number of drinks, feeding, and time spent playing/fighting. Because we could not see the actual ingestion of feed, feeding was counted when the head of a pig was in the feeder. Similarly, drinking was counted when the snout of a pig touched the automatic waterspout. Time spent playing/fighting was measured when two or more pigs engaged in active contact with at least one standing and one biting and(or) pushing another. This activity appeared to become aggressive but often involved role reversals indicative of play behavior. We conservatively used the term "playing/fighting" to avoid implying the motivation behind this behavior.
Direct Behavior Observations
Five-minute, direct observations of each pig were conducted at approximately 40, 60, 80, and 150 d of age to compare time spent lying, standing, sitting, and playing/fighting, as well as frequency of belly nosing, manipulation of another pig, and metal biting. Manipulations were counted when a pig either nosed, bit, pushed, or suckled another pig's ear, head, leg, tail, or dorsal surface, which included shoulders and the back. Belly nosing was counted when the snout contacted the belly of another pig and moved upward from the point of contact with a rooting motion. Metal biting was counted when a pig mouthed either the pen or the feeder.
In order to detect any aberrant behaviors missed during the direct, 5-min sampling periods, direct observations of the entire pen for 10 min at approximately 50, 95, 123, and 160 d of age were used to record all occurrences of aberrant behaviors, which included frequency of drinking, belly nosing, manipulations of other pigs, and metal biting. Two trained observers were used to record behaviors of pigs so that both treatments could be watched at the same time. Each observer watched an equal number of pigs from both treatments during each observation period. Pigs in each treatment were observed for a total of 16 h from 40 to 160 d of age.
Stress Test 1
To test the response to handling, blood collection, and isolation, one male pig, approximately 62 d of age, was randomly selected from each of the 16 pens. This test was conducted in two replications (eight pigs for Replication 1 and eight pigs for Replication 2), 1 wk apart. This test was conducted 1 wk apart, as weaning occurred, to ensure that the pigs from Replications 1 and 2 were tested at the same age. The test began when one pig was carried from the nursery to a V-shaped crate outside the nursery, where it was manually restrained in a dorsal recumbency. Within 5 min of initial contact with the pig, a 5-mL blood sample was collected (considered Time 0) via orbital sinus puncture, into tubes containing 15% tripotassium EDTA. At this time, the chest of the pig was shaved, and the pig was transferred to a .72-× .72-m isolation crate. To record heart rate, electrode creme (Parker Laboratories, Fairfield, NJ) was applied to the belt of a heart rate monitor (The Polar Vantage XL, Polar USA, Woodbury, NY) that contained two electrodes and telemetrically transmitted heart rates to a hand-held receiver. The belt was adjusted to fit around the sternum of the pig. Heart rate was measured by holding the monitor inside the isolation crate, in close proximity to the pig. Heart rate was recorded after at least 5 min had elapsed from the time the transmitter was placed on the pig, approximately 1 min before a blood sample was collected. The pig remained in the isolation crate until the blood collection procedure (via orbital sinus) was repeated 15, 30, and 45 min after the initial blood collection. Heart rates were recorded for each of these three time intervals. Vocalizations were counted during the entire isolation period. After the 45-min collection, the pig was carried back to its home pen, where a final blood sample was taken 45 min later (90 min after the initial blood collection). This test was initiated hourly, on two pigs from each treatment, beginning at 0700; one of the two pigs' test start time was offset by 10 min to allow enough time for sample collection.
Immediately after each 5-mL blood collection, sample tubes were gently mixed, and 1 mL of whole blood was separated and pipetted into tubes that were maintained on a mixer at room temperature for later immunological analysis. The remaining 4 mL of whole blood was kept on ice until the last sample was collected, at which time all 4-mL samples were centrifuged and the plasma was aspirated into tubes and frozen for subsequent RIA for cortisol.
Immunological Analysis
Leukocyte enumeration and differential leukocyte counts were performed on peripheral blood as a measure of immune status. On the same day Stress Test 1 was conducted, 40 µL of blood was removed from that which was maintained on the mixer and added to 10 mL of diluent (Isoton II, Coulter Balanced Electrolyte Solution, Coulter Corp., Miami, FL) and six drops of lysing solution (Zap-oglobin II, Lytic Reagent, Miami, FL), which was subsequently analyzed for total white blood cell count and hemoglobin using a particle counter (Nova Cell Trak 2 Coulter Counter). In addition, 25 µL of mixed blood was pipetted onto slides, smeared, allowed to air-dry, and fixed with Leukostat Fixative Solution (Fisher Scientific, Pittsburgh, PA). Slides were subsequently stained with a modified Wright's stain (Hema-Tek Stain Pak, Global Medical Instrumentation, St. Paul, MN) for differential leukocyte count analysis, during which 100 cells were counted using a light microscope with a 100× oil-immersion objective. Leukocytes were characterized and identified as monocytes, lymphocytes, neutrophils, eosinophils, or basophils. The resulting percentages were analyzed for treatment differences.
Stress Test 2
Stress Test 2 included a combination of blood collection, rough handling, transport, and slaughter. This test was also conducted in two replications, 1 wk apart. One male pig, approximately 165 d of age, was randomly selected from each of the eight pens (four pigs per treatment during each replication) and assigned an order. The test began at approximately 1400, when a pig was secured with a snout rope in its home pen and 10 mL of blood was collected into a tube containing 15% EDTA using jugular venipuncture. Blood was collected from pigs of alternate treatments until all eight pigs had been sampled. After the initial blood collection, pigs from both treatments were herded together approximately 55 m with electric prods, each receiving at least one shock during herding and loading onto a stock trailer. The prods (Hotshot 2000, Savage, MN) delivered approximately 9,000 V, but the amperage was very low. They were transported approximately 8 km to the abattoir and unloaded and herded into holding pens, and the second blood sample was immediately collected (at approximately 1500). The procedure, including the pigs' order of sampling, was identical to that used during the first blood collection. Pigs remained in holding pens until approximately 0800 the next morning, when they were slaughtered in the same order as the previous blood collections. At slaughter, blood was collected at exsanguination. In addition, the pituitary gland, a liver sample, and both adrenal glands were collected and immediately frozen in liquid nitrogen. The samples were subsequently stored at −80°C until mRNA extraction and quantification. Otherwise, blood processing was the same. Each 10-mL blood sample was gently mixed, and tubes were kept on ice until the final sample was collected, at which time all samples were centrifuged (within 4 h after the initial blood collection), and the plasma was aspirated into tubes and frozen at −20°C for subsequent RIA of cortisol and ELISA of corticosteroid-binding globulin (CBG).
Cortisol RIA
Cortisol was measured in plasma from all blood samples collected. The RIA was previously validated in our laboratory (Biensen et al., 1996) . Recovery of 1.22 ± .02 ng/mL of cortisol was measured when 1.25 ng/mL of cortisol was added to a sow plasma pool. The resulting intra-and interassay CV were 9.35 and 14.8%, respectively. The sensitivity of the assay was 1 pg/mL.
Corticosteroid-Binding Globulin ELISA
Plasma from blood samples collected during Stress Test 2 were analyzed for CBG concentrations using a direct ELISA method (Kattesh and Roberts, 1993; Hicks et al. 1998 ) with one modification: wells were coated with 20 ng of CBG rather than 12 ng of CBG. The intraassay CV was 7.75%, mean 16.01 ng/mL of plasma.
Quantification of mRNA
Total RNA was extracted from the pituitary, liver, and adrenal glands (Tri-Reagent, Molecular Research Center, Cincinnati, OH) and transferred to a nylon membrane with a slot-blot apparatus (Bio-Dot SF, BioRad Laboratories, Hercules, CA). Hybridization and detection were carried out with a commercially available kit according to the manufacturer's instructions (BrightStar System, Ambion, Austin, TX). Hybridization signal intensities were quantified densitometrically, with target mRNA values expressed relative to 28s ribosomal (r) RNA for each sample. The probes and procedures for detection of mRNA specific for proopiomelanocortin (POMC), GH, growth hormone-releasing hormone (GHRH) receptor, and IGF-I have been previously described Daniel et al., 1999) . Polymerase chain reaction was used to amplify POMC, GH receptor, and ACTH receptor cDNA (RNA-PCR kit, Perkin-Elmer, Foster City, CA). The up-and downstream oligonucleotide primers for PCR amplification were 5′ GT GGA GAT GCC GAG ATT GT3′ and 5′ CTC CTC CTC CTC GCG CTT CT 3′ for POMC (343 bp), 5′ GCCTCAACTG-GACTCTACTG 3′ and 5′ TAGCAGGGGCAGCATCAT-TAG 3′ for the GH receptor (867 bp), and 5′ TCT GTG ATT GCC GCT GAC CG 3′ and 5′ TTT TTG AAT GCG ACC CTG AG 3′ for the ACTH receptor (501 bp; GenBank Accession #AF064077). The PCR products were cloned into a T-cloning vector (PCR-II, Invitrogen, San Diego, CA). The identities of the cDNA clones were determined by dideoxy termination sequencing. Biotinylated riboprobes were synthesized from these clones for chemiluminescence-based detection using a commercially available kit (BrightStar System).
Production Data
At approximately 170 d of age, the remaining pigs (n = 43) from both treatments and replicates were weighed at the farm to obtain weights before transport, herded onto a livestock trailer, and transported approximately 32.2 km to a weigh station in Colo, IA, whereafter transport weights were recorded. The following day, pigs were transported approximately 2 h to the abattoir. Production data collected included weights before and after transport, backfat, fat-free lean indices (FFLI), percentage actual yield, percentage lean, loin muscle depths (LED), and percentage shrink (shrink). One early-weaned pig and four late-weaned pigs were excluded from the analysis as a result of missing data, not being transported, injury, or death sustained during transport.
Statistics
All data were analyzed with pen as the experimental unit. Behavioral data, including direct and all occurrence observations, were analyzed using the GLM procedures of SAS (1988) . Treatment, day, day × treatment, day × pen nested within treatment (to account for repeated measures), and replicate were included in the model. Appropriate error terms were used to test each variable. Due to a lack of normality, video observations, time spent playing/fighting, all occurrences of belly nosing, and manipulations of other pigs were analyzed using the Wilcoxon-Mann-Whitney ranked sum test.
Data from Stress Test 1, including cortisol concentrations, total white blood cell counts, differential leukocyte counts, hemoglobin concentrations, and heart rate were also analyzed using the GLM procedures of SAS, with treatment, pen nested within treatment, time, time × treatment, and time × pen within treatment included in the model. Appropriate error terms were used to test each variable. The number of vocalizations were analyzed using the Wilcoxon-Mann-Whitney Ranked Sum Test. Data from Stress Test 2, including before-transport weights, after-transport weights, cortisol concentrations, and CBG concentrations were analyzed using the GLM procedures of SAS, with treatment, identification nested within treatment, replication, and order (order of slaughter) included in the model. Peak values of cortisol concentrations in Stress Test 1 and Stress Test 2 were analyzed using a paired ttest to determine differences among individual ranges. Means ± SEM within the same measure with different superscripts differ (P < .006).
Because sample size was relatively small, resulting in non-normality of the data, the Wilcoxon-Mann-Whitney test was used to compare mRNA values between earlyand late-weaned pigs. When comparing organ weight, adjustments were made to account for body weight difference by using the proportion of organ weight to body weight. Production data were collected from the remaining animals (n = 43) from both treatments not used in Stress Test 2. These data, including before-transport and after-transport weights, backfat, FFLI, actual yield, percentage lean, LED, and shrink were all analyzed using the GLM procedures of SAS. The main factors in the model included treatment and sex; repeated measures were accounted for by nesting pen within treatment.
Results
Videotaped Behavior Observations
Results collected from videotaped behavior represent the mean number per pen for the 1-min scan samples, lasting 10 min, taken four times a day, for a total of 16 observations from d 2 to 5 after weaning. No differences (P > .13) were found between treatments for lying, standing, sitting, drinking, or feeding (Table 1) . However, during these 4 d of observations, early-weaned pigs spent more time playing/fighting than did lateweaned pigs (Table 1) .
Direct Behavior Observations
During the 5-min direct observations, between 40 and 150 d of age, no differences (P > .34) were found between the treatments in time spent playing/fighting, lying, standing, or sitting (Table 2 ). In addition, total frequency of belly nosing, metal biting, and manipulations of other pigs were not found to be different between early-weaned and late-weaned pigs, although there was a trend (P < .10) for early-weaned pigs to manipulate other pigs more often (2.4 vs 1.5 ± .67). This trend could be explained by the significant treatment × day interaction (P < .002) for manipulations of other pigs (Figure 2 ). On d 40, pigs weaned at 10 d of age were found to manipulate other pigs more frequently than pigs weaned at 30 d of age. The late-weaned pigs manipulated penmates at the same rate throughout the study period (Figure 2 ). During the 10-min observations of the entire pen to record all occurrences of aberrant behavior (considered aberrant compared to behavior of free-range pigs) at approximately 50, 95, 123, and 160 d of age, no differences (P > .14) were found between treatments for frequency of drinking, belly nosing, manipulations of other pigs, or metal biting. Although we did not detect treatment differences, we did see aberrant behavior performed by pigs in both treatments. Indeed, pigs in both treatments performed manipulations of other pigs approximately 40 times during each 10-min period of observation (Table 3) .
Stress Test 1
During Stress Test 1, when pigs were subjected to handling, blood collection, and isolation stresses, no differences (P > .40) were found for plasma cortisol concentrations (Figure 3 ) or total leukocyte counts (17.6 ± 1.0 vs 16.0 ± .9 × 10 6 leukocytes/mL). Because Time 0 represented a pig's baseline plasma cortisol concentration and Time 45 represented the last sample taken while a pig was isolated (Time 90 was taken 45 min after the pig had been returned to its pen), t-tests were used to determine differences between Times 0 and 45. When compared using a paired t-test, there was a marked increase (P < .05) in plasma cortisol concentrations between Times 0 and 45 for the early-weaned pigs. However, there was no difference (P > .10) between Times 0 and 45 for the late-weaned pigs. Leukocytes characterized and identified as monocytes, lympho- cytes, neutrophils, eosinophils, basophils, or neutrophil:leukocyte were not different (P > .17) between treatments. However, percentage hemoglobin was found to be greater (P < .03) in early-weaned pigs than in late-weaned pigs (Figure 4 ). No differences (P > .30) were found between treatments for heart rates recorded during the three periods, 0 to 15, 15 to 30, or 30 to 45 min (174 ± 7, 162 ± 6, and 154 ± 4 beats/min, respectively). Vocalizations during the entire isolation period did not differ (P > .49) between late-weaned and early-weaned pigs (165.0 ± 35.0 vs 179.4 ± 84.2).
Stress Test 2
Data from Stress Test 2 (when pigs were herded with an electric prod and transported) collected at approximately 165 d of age did not indicate differences (P > .65) between early-weaned and late-weaned pigs for plasma cortisol or CBG before transport, after transport, or at slaughter (Figures 5 and 6 ). However, when compared using a paired t-test, the early-and lateweaned pigs responded to transportation with marked elevations in their cortisol concentrations (P < .005). Figure 5 . Plasma cortisol concentrations during handling and transportation (Stress Test 2) for early-and late-weaned pigs before (BT) and after (AT) transport and at slaughter.
However, there was a difference (P < .03) for both beforetransport and after-transport cortisol concentrations between replications, the first replication having lower cortisol concentrations both before and after transport (14.2 ± 1.5 and 20.3 ± 1.0 vs 22.6 ± 1.9 and 29.2 ± 2.2, ng/mL respectively), but this difference was not found in concentrations of samples collected at slaughter (P > .30). There was no difference (P > .70) in body weight between early-weaned and late-weaned pigs before transport or at slaughter, averaging 117 ± 1 kg and 114 ± 2 kg.
Pituitary and adrenal gland weights did not differ (P > .4) between the early-and late-weaned pigs (Table  4 ). The mRNA data for the pituitary gland, liver, and adrenal gland are summarized in Table 4 . Pituitary gland content of GHRH receptor mRNA tended to be greater (P = .06) in the early-weaned than in the lateweaned treatment group (.572 ± .12 and .408 ± .016 relative mRNA units, respectively). Pituitary gland content of GH mRNA did not differ (P > .9) between the two treatment groups. Pituitary gland content of POMC mRNA was greater in the early-weaned pigs than in late-weaned pigs (P < .04). There were no differ- Figure 6 . Plasma corticosteroid-binding globulin concentrations during handling and transportation (Stress Test 2) for early-and late-weaned pigs before (BT) and after (AT) transport and at slaughter. Means ± SEM within the same row with different superscripts differ (P < .06).
c,d
Means ± SEM within the same row with different superscripts differ (P < .04).
ences between the two treatment groups in liver expression of mRNA specific for the GH receptor or IGF-I, nor did adrenal gland expression of mRNA specific for the ACTH receptor differ (P > .72) between the early-and lated-weaned groups (2.62 ± .43 and 3.02 ± .63 relative mRNA units, respectively). However, there was a significant correlation between mRNA for the ACTH receptor and POMC (r = .89; P < .02) in the late-weaned pigs but not in the early-weaned pigs (r = .53, P < .2).
Production Data
Early-weaned pigs had greater (P < .03) cumulative and periodic ADG (Figure 7 ) soon after weaning. The periodic ADG was greater for early-weaned pigs at 42 d of age and leveled off between 65 and 137 d of age. In the final phase, between 137 and 165 d of age, the Figure 7 . Cumulative and periodic average daily gain for early-and late-weaned pigs.
a,b Means ± SEM with different superscripts differ (P < .03).
pigs weaned at 30 d of age surpassed the early-weaned pigs, causing both treatments to even out with an overall ADG of .71 kg/d from birth to slaughter.
No differences (P > .10) were found between treatments for before-transport weight, after-transport weight, percentage actual yield, percentage lean, LED, FFLI, backfat, or shrink when the remaining (n = 45) pigs from both replications were slaughtered. There were differences (P < .05) between sex in percentage lean, FFLI, and backfat, with gilts exhibiting a greater percentage lean and FFLI and less backfat than barrows.
Discussion
Both cumulative and periodic ADG were greater for early-weaned pigs than for late-weaned pigs soon after weaning. Although the pigs in our study were not segregated, these results are similar to those indicating that SEW increases weight gain and carcass lean. Dayton et al. (1995) found that pigs managed by SEW exhibited a 35% increase in growth rate, resulting in more lean tissue, protein, and fat in the carcasses of pigs at 7 wk of age. In the present study, pigs weaned at 10 d of age compared to 30 d of age showed no difference in percentage lean at slaughter. Early-weaned pigs did have an ADG advantage at 42, 65, and 102 d of age, but this disappeared prior to slaughter; late-weaned pigs gained more than early-weaned pigs between 137 and 165 d of age. The early-weaned pigs' ADG advantage might have resulted from their being fed a nutrient-rich starter diet, particularly if late-weaned pigs were experiencing the end of their growth check in response to weaning. This richer diet may then permanently have altered the growth pattern and physiology of pigs up to slaughter age. At slaughter, both treatments had an overall ADG of .71 kg/d from birth to slaughter. No differences were observed between treatments at slaughter for any of the production traits measured, including actual yield, lean, LED, FFLI, backfat, or shrink. Gilts did have greater lean, greater FFLI, and less backfat than barrows.
In contrast to the results of this project, other researchers found that pigs weaned between 16 and 21 d of age had greater ADG and feed efficiency than pigs weaned between 11 and 16 d of age, an effect that persisted throughout the 42-d study (Fangman et al., 1996) . In addition to testing the effects of weaning age, these researchers also investigated the effect of nursery site and vaccination. Because nursery site did not have an effect on ADG or feed efficiency, they concluded that the nursery does not need to be separate from the farrowing site as long as pigs are weaned later than 16 d of age, because they found that younger pigs exposed to pathogens had lower ADG (Fangman et al., 1996) . Our research substantiates the idea that early weaning can be effective on-site as well. However, Fangman et al. (1996) did not use feed-grade antibiotics, which may have been responsible for the early-weaned pigs' greater ADG that we observed soon after weaning in our study.
This study examined the somatotropic axis of slaughter-age pigs because previous research has shown that the growth advantage of early-weaned pigs compared to late-weaned pigs is maintained up to slaughter age. It is not clear why the early-weaned pigs' ADG dropped so dramatically during the last 30 d before slaughter. Unfortunately, we slaughtered and collected tissue from pigs at 165 d of age. However, based on the findings at 165 d of age, it is tempting to hypothesize that the greater rate of growth in early-weaned pigs is regulated at the pituitary via the GHRH receptor as well. It is important to remember that in the present study both early-and late-weaned pigs were weaned into the same "dirty" environment. Thus, early-weaned pigs were exposed to the same pathogens, and any advantage in growth cannot be attributed to a lack of immune challenge.
The "stress" of birth has been found to alter the endocrine profiles and responses of swine. Greater serum cortisol concentrations at 2 wk of age in Caesarianderived pigs was associated with a smaller ADG (Carroll, unpublished data). Daniel et al. (1999) found that pigs born by Caesarian section had greater adrenal ACTH receptor mRNA and serum cortisol concentrations at 2 wk of age. Interestingly, Daniel et al. (1999) found that although Caesarian-derived pigs responded to stress with an increase in serum cortisol, this increase was not associated with a concomitant increase in ACTH. This same finding of disregulation of ACTH and cortisol in Caesarian-derived rats had been found previously by Boksa et al. (1996) . Daniel et al. (1999) also noted a significant decrease in circulating cortisol in pigs from birth to 2 wk of age. This change in neonates may be key to the effects of early weaning on neonatal pigs. It is exactly during this time period, 10 to 14 d of age, that producers wean pigs early and thus cause an increase in circulating cortisol due to the stress of weaning. This increase in cortisol, at a time when the physiological mechanisms of pigs decrease circulating concentrations to basal levels, could act to interfere with the programming of the hypothalamic-pituitaryadrenal (HPA) axis and thus cause disregulation.
In this regard, the greater mRNA for POMC in the early-weaned pigs is very interesting. The increase in plasma cortisol during Stress Test 1 from Time 0 to Time 45 in early-weaned pigs indicates that these animals are responding more readily to the stressor. Research on neonatal stress in rodents has shown that offspring stressed early in development also have a heightened response to stress as adolescents (e.g., Levine and Mullins, 1968; Levine, 1975; Liu et al., 1997) . Research on neonatal stress (maternal deprivation) in cattle has also shown that these animals have elevated plasma cortisol and heart rates during adolescence compared to controls (Lay et al., 1998) . In the present study, pigs that were early-weaned, and thus maternally deprived, had greater mRNA for POMC, which suggests a greater activation of the HPA axis. What is most striking is that the correlation between mRNA for POMC and the adrenal ACTH receptor is not significant for the early-weaned pigs, but it is significant (r = .89) for the late-weaned pigs. Thus, there seems to be a disregulation of the HPA axis between the pituitary gland and the adrenal gland in early-weaned pigs.
The altered growth of early-weaned pigs and associated elevation of GHRH mRNA receptor in the pituitary gland could be related to an interaction between the HPA axis and nutritional variables. Desai and Hales (1997) reviewed research that suggests a programming of the somatotropic axis based on early nutritional status and environment. This programming was responsible for changes in key hepatic enzymes when protein nutrition was altered in rat pups that biased the liver toward a "starved" setting. A similar effect could occur in early-weaned pigs because the procedure entails such a radical change in diets. Physical alteration of the intestine may also play a role because cortisol has been shown to affect intestinal maturation and function (Sanglid et al., 1995) . Recent research on fat intake has found that rats fed a high-fat diet (20%) exhibited greater serum corticosterone concentrations and an enhanced HPA response to stress compared to rats fed a low-fat diet (4%). If a tie exists between the somatotropic axis and the HPA axis that influences the growth of early-weaned pigs, it could be further modulated by fat intake and(or) quality associated with their diet.
Thus, it is evident that the increase in growth resulting from early-weaning strategies is more complex than once believed. Likely, the increased growth in these pigs is attributable to several factors. A complete understanding of the role of exposure to hormones and other environmental factors (e.g., nutrition and temperature) during critical periods of development will allow us to develop appropriate management strategies for swine production.
Pigs in this study responded similarly to both stress tests. Cortisol concentrations, total leukocyte counts, differential leukocyte counts, neutrophil:lymphocyte ratios, heart rates, and vocalizations measured during restraint and isolation (Stress Test 1) were not different between early-weaned and late-weaned pigs. However, early-weaned pigs had greater serum hemoglobin percentages at the time of the restraint and isolation test than did the late-weaned pigs. Pigs in both treatments were receiving the same diet; therefore, the difference in hemoglobin could not be attributed to a dietary deficiency. One explanation for this might be that the earlyweaned pigs were more resistant to becoming anemic. However, neither treatment group was considered anemic because their hemoglobin percentage values were between 7 and 8%, which are within the range of values (5.9 to 17%) reported in pigs (Pond and Houpt, 1978) . The greater hemoglobin percentages found for earlyweaned pigs do raise some important questions. Possibly, their behavioral reaction to the stress test differed, and perhaps the early-weaned pigs were more excitable. However, there was no other evidence of a different physiological or behavioral response to this stress. Possible explanations for the greater hemoglobin percentages for early-weaned compared to late-weaned pigs include a potential difference in plasma volume, transferrin concentrations (the iron transport protein), and a possible iron × corticosterone × transferrin interaction, all of which warrant further investigation in future studies on early weaning in the same environment.
Early-weaned pigs also responded similarly to lateweaned pigs in Stress Test 2. Cortisol concentrations, CBG concentrations, and body weight were similar in both treatments. Interestingly, pigs from both treatments in Replication 2 had greater cortisol concentrations in both before-transport and after-transport samples than pigs in Replication 1, but not at slaughter. The reason for the differences in cortisol and CBG between the replications is not readily apparent. Cortisol concentrations at slaughter were greater for both treatments compared to before-transport and after-transport concentrations, which was expected and can be explained by the time of day at which slaughter occurred. Interestingly, CBG concentrations decreased the next day (following the transportation Stress Test 2). In rats, decreases in CBG concentrations can be detected 24 h after the initiation of a stressor (Martí et al., 1997) . The decrease in CBG concentrations seems to be associated with the severity of the stressor, because decreases are seen in response to a more severe stress, such as immobilization without access to food and water compared to only food and water deprivation, but the drop in CBG concentration is most evident 24 h after the initial stress. Because it is even more clear as the duration of stress increases, it seems that CBG is sensitive to both the severity and duration of the stressor.
Behavioral differences observed in this study were only detected just after weaning. The finding that earlyweaned pigs spend more time playing/fighting than late-weaned pigs is particularly difficult to interpret due to the complexity of this particular behavior. Although playing can be considered the best behavioral indicator of well-being, aggression can be considered a detrimental behavior, particularly when the behavior results in injury. Aggressive behavior can adversely affect production and cause injuries. The observation that early-weaned pigs performed this behavior more often, immediately after weaning, than late-weaned pigs could simply be the result of developmental age. Perhaps at the younger age (10 d of age) pigs are more likely to use behaviors such as playing/fighting to establish rank in the new social group than are pigs at 30 d of age, when they may have established rank within their social group. Because the difference in this behavior disappeared soon after weaning, and because these pigs did not sustain lasting injuries resulting from the performance of this behavior and there were no consequences to production, we could not conclude that performance of playing/fighting was a sign of decreased welfare. The lack of difference in playing/fighting between early-weaned and late-weaned pigs is in agreement with Boe (1993) ,who observed pigs at 8 and 12 wk of age to compare pigs weaned at 4 wk of age to pigs weaned at 6 wk of age. Even though he did not find a difference in playing/fighting between the two age groups, Boe (1993) reported a difference in activity level per se, in that pigs weaned at 6 wk of age spent more time lying than pigs weaned at 4 wk of age.
Many other researchers have recorded differences in behavior of early-and late-weaned pigs. Fraser (1978) compared pigs weaned at 3 wk of age to pigs left on the sow and found the earlier-weaned pigs belly-nosed more at 6 wk of age but had less weight gain. Other researchers, observing pigs in mixed environments, have found a trend for pigs weaned at 2 wk of age to perform more belly nosing on d 6 after weaning than pigs weaned at 4 wk of age (Metz and Gonyou, 1990) . Dybkjaer (1992) found that when pigs were weaned at 4 wk of age and mixed with non-littermates into an environment without straw, they belly-nosed penmates more often than pigs weaned at 4 wk of age in pens with straw and littermates only. The different experimental designs used in other studies, including the use of different genetic lines of pigs, confinement, housing, leaving pigs on the sow, and so on, are all likely responsible for the different results between studies. For instance, Fraser (1978) found that early-weaned pigs performed more belly nosing than late-weaned pigs; however, his earlyweaned pigs were weaned at 21 d of age and his lateweaned pigs were weaned at 42 d of age. Possibly, if the pigs in our study were weaned at a relatively similar age, their behavior might have been similar. Similarly, stress has been shown to create the same aberrant behaviors (belly nosing, ear biting, and tail biting) expressed by pigs weaned early (Dybkjaer, 1992) . If previous researchers had used a genetic line of animals that possessed a lower threshold for stress or the animals were housed in a potentially more stressful environment than that used in the current study, then they might have been more likely to see aberrant behaviors expressed in their experimental subjects.
In the present study, more similar behavior than dissimilar behavior was observed among early-weaned and late-weaned pigs soon after weaning. No differences were found between the treatments for lying, standing, sitting, drinking, and feeding during the 4 d after weaning, nor were there differences found between 40 and 150 d of age in time spent playing/fighting, lying, standing, sitting, total frequency of belly-nosing, metal biting, and manipulations of other pigs. Additionally, behavior of early-weaned and late-weaned pigs was not different during observations for all occurrences of aberrant behavior, including frequency of excessive drinking, belly nosing, manipulations of other pigs, or metal biting. The lack of differences between treatments indicates that when pigs are weaned into similar environments, the stress of weaning itself has more of an impact on pig behavior than the age at which pigs experience this stress. Blackshaw (1981) observed pigs weaned at 4 wk of age and found that performance of belly-nosing and flank biting disappeared prior to market. Although we did not detect treatment differences, we did see aberrant behavior performed by pigs in both treatments. Indeed, pigs in both treatments performed manipulations of others approximately 40 times during the 10-min period of observations for all occurrences of aberrant behavior. We also saw navel sucking by pigs in both treatments. Although this behavior rarely occurred during the scheduled time periods to observe, the occurrence of this behavior points to the similarities between the two treatments, genetics, and environment. If performance of aberrant behavior is more likely to occur at a young developmental age, we believe genetics and housing system should be critically analyzed by producers. If one has an excitable genetic strain and houses these pigs in a barren environment, this producer is likely to observe more significant aberrant behavior than one who has a less excitable line in an environment with more stimulation. The overall lack of differences exhibited between earlyweaned and late-weaned pigs in this study would suggest that early weaning does not impair the ability of pigs to cope with stress.
Implications
Early-weaned pigs in this study did not exhibit the aberrant behaviors that have been reported previously. This discrepancy warrants further investigation to determine the roles of genetics, environment, diet, and weaning age in causing the previously reported adverse effects. Pigs in the current study were not separated at weaning, but they exhibited a growth advantage similar to that reported for segregated early-weaned pigs. Because stress in the neonatal period may have longterm effects on the hypothalamic-pituitary-adrenal (HPA) axis, research designed to separate the effects of early weaning from relocation stress will help elucidate the causal effects of the growth advantage and altered stress axis of early-weaned pigs. Our results indicate that pigs can be weaned at an early age with minimal adverse affects on their welfare; however, the evidence for an altered HPA axis warrants concern for the future welfare and production of early-weaned pigs.
